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232a Monday, February 17, 2014spike-evoking epochs. The effects of interactions between spikes is minimized
by selecting signals that generate spikes with relatively long interspike inter-
vals. We study two distinct cases characterized by either a smooth or discontin-
uous dependence of frequency on the applied current. In the setting of noise-
induced spiking the frequency content of the input signal has little impact on
STR. Rather, increased STR is observed for a certain increase in the average
amount of current delivered during a fixed time interval in combination with
a favorable time profile. These computational results are complemented by
an analytical approximation for the density of the phase difference of two
coupled stochastically forced oscillators, considering different relative sizes
of the intrinsic and extrinsic noises. When common noise forcing dominates,
there is a stronger probability of synchronization related to STR. In contrast,
if the intrinsic noises are not of identical strength, there is a synchronized lag
between oscillations.
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Deterministic Versus Stochastic Variability in the Mammalian Cell Cycle
Sivan Pearl, Oded Sandler, Oded Agam, Itamar Simon,Nathalie Q. Balaban.
Hebrew University of Jerusalem, Jerusalem, Israel.
Cell-to cell variability in cell cycle duration was observed long ago how-
ever its sources are still unknown. A surprising feature of cell cycle dura-
tion inheritance is that it seems to be lost within one generation but to
reappear in the next generation, generating poor correlation between mother
and daughter cells but high correlation between cousin cells. This observa-
tion suggests the existence of an underlying deterministic process. We
developed an experimental system that precisely measures the cell cycle
duration of thousands of mammalian cells along several generations and
a mathematical framework that allows discrimination between stochastic
and deterministic processes. In contrast to previous understanding, we
show that the inheritance of the cell-cycle duration follows a deterministic
process. We build a deterministic chaos toy model for cell-cycle inheritance
that reproduces the main features of our data. Our approach constitutes a
general way to distinguish between stochastic and deterministic processes
in lineages of cells or organisms, and may help predict and, eventually,
control cell-to-cell heterogeneity in various systems, such as cancer cells
under treatment.
Symposium: Regulation of Cytoskeletal Motors
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Mechanistic Insights of Dynein Motor Action from Electron Microscopy
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Stanley A. Burgess, PhD1, Takahide Kon2, Peter J. Knight3, Kazuo Sutoh4.
1School of Biomedical Sciences, University of Leeds, Leeds, United
Kingdom, 2Hosei University, Tokyo, Japan, 3University of Leeds, Leeds,
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Dynein motors are the largest of the cytoskeletal motor proteins. They perform
critical functions in eukaryotic cells, carrying cargoes along microtubule tracks
and exerting pulling forces on microtubules in a variety of cellular processes.
Dynein motors use ATP hydrolysis to perform these functions by moving to-
wards the minus ends of microtubules. A major goal of our research is to un-
derstand the structure and conformational changes that allow dynein, a
member of the AAAþ superfamily of ring-shaped ATPases, to perform these
functions.
We have used cryo-electron microscopy and single-particle image processing
to determine (ab initio) three-dimensional structures of a native (full-length)
flagellar dynein (dynein-c from the single-celled alga Chlamydomonas) and
of an engineered cytoplasmic dynein motor domain (from the slime mold Dic-
tyostelium) lacking the cargo-binding tail domain, in different nucleotide
states. The structures show key sites of conformational change within the
AAAþ ring and a large rearrangement of the ‘‘linker’’ domain, involving a
hinge near its middle.
Analysis of a mutant in which the linker ‘‘undocks’’ from the ring indicates that
linker remodeling requires energy that is supplied by interactions with the
AAAþ modules. We find flexing of the tail domain of dynein-c and the stalks
of both dynein isoforms, relative to the AAAþ ring in the frozen-hydrated state.
Fitting the dynein-c structures into three-dimensional cryo-tomograms of Chla-
mydomonas flagella suggests how the mechanism of linker remodeling could
drive sliding between microtubules. This also has implications for the proces-
sive stepping of cytoplasmic dynein dimers undergoing cargo transport and
force exertion.
This work was funded by the B.B.S.R.C. (UK), the Human Frontiers Science
Programme Organization, The Wellcome Trust (UK) and MEXT (Japan).1175-Symp
Reconstitution of Dynamic Axonemal Complexity with using a Bottom up
Strategy
Kazuhiro Oiwa.
National Institute of Information and Communications Technology, Kobe,
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The complexity of the flagellar axoneme derives from ca. 600 types of modular
building block assembledhierarchically.Among these building block, axonemal
dyneins are indispensable for flagellar motility. On each of nine doublet micro-
tubules cyclically arrayed in an axoneme, dyneins are aligned in two rows, outer-
and inner-arm dyneins. In Chlamydomonas, the model organism for flagellar
motility, several major subspecies of dyneins have been described; one outer-
arm dynein with three different heavy chains, one heterodimeric inner-arm
dynein and six inner-arm dyneins. Each of the heavy chains is reported to
have different mechanical properties. They are precisely arranged along doublet
microtubules and regulated in a coordinated fashion to produce periodic flagellar
beating. To obtain a hint of this complexity, we have carried out in vitro motility
assays and compared mechanical properties of various dynein heavy chains,
such as velocity of microtubule sliding and processivity. Furthermore, we
measured the sliding velocity of microtubules driven by a pairwise mixture of
the faster dynein and the slower dynein at various ratios and evaluated the effect
of the slower dyneins on the microtubule translocation by the faster ones. We
found that the slower dyneinwould not significantly retard themicrotubule trans-
location by the faster dynein but could be recruited into the translocation of mi-
crotubules in the medium velocity. The DNA-origami techniques in which
cytoplasmic dyneins were combined together on a DNA-origami rod reveal
auto-inhibition between dynein molecules and strain-dependent release from
the auto-inhibition.We review these methods for the bottom-up and directed as-
sembly ofmodular constructs in vitro andwe highlight how they shed light on the
self-organized coordination of dyneins at force generation in the axoneme.
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Sophie Roth, Marileen Dogterom.
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Important functions of eukaryotic cells such motility and division depend sensi-
tively on cytoskeletal mechanics and organization. In particular, microtubules
are stiff dynamic polymers that can generate pushing and pulling forces. To
fulfill biological functions, microtubules adopt specific spatial patterns, like
the mitotic spindle during cell division. How the shape and size of cells, as
well as the presence of pushing and/or pulling forces influence this organization
is in many cases still unclear. To assess the influence of confinement on micro-
tubule self-organization, we reconstitute a dynamic microtubule cytoskeleton
inside 3D water-in-oil emulsion droplets, using lipids that can optionally be
functionalized with active dynein molecular motors. We study the positioning
of centrosomes, from which microtubules are nucleated that exert pushing and/
or dynein-mediated pulling forces when reaching the boundary. We show that
the central position of one centrosome confined in a spherical droplet is drasti-
cally destabilized by pushing forces, while pulling forces tend to center the
centrosome. Interestingly, when two centrosomes are present, pushing forces
cause the centrosomes to find a stable position at opposite sides of the droplet.
When both pushing and pulling forces are present, two centrosomes adopt an
equilibrium position balancing the centering effect of the dynein-mediated
pulling forces with the repulsion effect of the two centrosomes, thereby repro-
ducing a ‘mitotic spindle’ like organization. These experiments set the stage for
a better understanding of the role of additional mitotic spindle components such
as mitotic motors and crosslinkers that we plan to add to our system.
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Adam G. Hendricks1, John F. Beausang2, John H. Lewis3, Lisa Lippert1,
Deborah Shroder1, E. Michael Ostap1, Erika L.F. Holzbaur1,
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Several novel methods for high-speed, high resolution microscopy have
enabled new insights into function of molecular motors in vitro and in live cells.
Several groups have developed methods to track the position and orientation of
bi-functional organic fluorophores or quantum rods bound to specific motor
subunits. We have now improved the time resolution by time-multiplexing
excitation polarization every 100 ms and resolving structural changes by the
consequent sudden changes in photon collection rates. In addition, we devel-
oped a multi-channel change-point method to detect structural states within
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provements enabled new insights into the walking mechanism of myosin V:
we directly observe 10-20 ms periods of high mobility while myosin V de-
tached heads search for actin. The gradual left-handed path of myosin V is pro-
duced by intermittent large side-ways motions among long stretches of straight
walking where the lever arms mostly tilt in a plane very close to that containing
the actin filament. For in vivo studies, detecting forces and motions of intracel-
lular cargos have been compromised, until recently, by uncertainties about cal-
ibrating optical traps in cells. In the last year, four groups published novel
methods for improving trap calibration in living cells. In our method, the ther-
mal fluctuations of a phagocytosed bead are analyzed together with its motions
upon sinusoidal excitation over a series of frequencies, giving trap sensitivity
and local sub-diffusive viscoelastic parameters of the cytoplasm. This method
is insensitive to active biological processes in the cell, as the forced response is
used to resolve the elastic responses of the trap and the environment. Forces on
these cargos indicate several kinesin and dynein motors operating near force
balance. Supported by NIH grants P01GM087253 and R01GM086352.Platform: Mechanisms of Voltage Sensing and
Gating
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Gating Currents of Monomeric Hv Channel Reveals a Permeation
Pathway Coupled to the Voltage Activation
David Baez-Nieto1, Ester Otarola1, Gustavo Contreras1, Peter Larsson2,
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Recently, a family of voltage-gated proton channels, called (Hv) was cloned
from different organisms. Hv channel shares a common structure with the
Voltage Sensor Domain (VSD) of voltage-gated K channels. Despite off the
high homology between Hv channel and the VSD, they have distant quaternary
structures. Hv channel lacks a pore domain, and is fully functional either as a
monomer or dimer. The S4 was proposed as the possible permeation pathway,
resembling the omega current present in some mutants of Shaker Kþ channel.
However the permeation pathway is still elusive. Fluorescence experiments sug-
gests that the voltage activation in Hv is in two steps, where the second step is a
cooperative conformational change, involving interactions between subunits
that opens both permeation pathways in a concerted way in the dimer. However,
the relationship between the Hþ pore, and the voltage sensor activation is not
fully understood for themonomer. Herewe presented the first Hv gating currents
recordings from the monomeric Hv form (Hv-DNDC). Interestingly, the voltage
sensor activation precedes the Hþ conduction, suggesting that voltage sensor
andHþ pore, are two different structures allosterically coupled. TheQ-V present
a zd of 1.6 e0, in agreement with previous experiments of voltage-clamp fluor-
ometry. The data presented support the hypothesis that the channel opening is
associated to a second conformational state of the voltage sensor, associated
to an extremely slow component in the gating current. Supported by Fondecyt
grants ACT 1104 and Fondecyt 1120802 to CG and 1110430 to R.L.
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the Hv1 Proton Channel
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Voltage-gated proton channels mediate proton extrusion in a large variety of
cells. Hv1, the first and so far only cloned voltage-gated proton channel, is
composed of the first four transmembrane segments (S1-S4) that compose
voltage-sensing domains (VSD), but lacks the pore domain of "classic"
voltage-gated channels. Hv1 channels associate as dimers, but each subunit
contains its own pore, suggesting that the pore and the gate are contained within
each VSD. Earlier work showed that, as in "classic" voltage-gated channels, the
arginine-rich S4 transmembrane segment is the voltage sensor in Hv1. Howev-
er, the molecular mechanism of opening is still ill-defined. In this study, we
identify the S1 segment as the gate of Hv1 channels. Observed changes in
the accessibility of the internal and external ends of S1 indicate a voltage-
driven rearrangement of this segment. Moreover, the conformational change
of S1 precisely tracks channel opening in voltage dependence and kinetics.
Finally, we show that gating of Hv1 involves a close interaction between the
S1 and S4 segments that depends on S4’s third arginine (R3) and an Hv1 spe-
cific aspartate on S1 (D1), two residues that have been previously proposed tointeract in the open state to form the proton selectivity filter. Overall, our find-
ings suggest that the S1 segment has specialized as the determinant for gating
and proton conduction in Hv1.
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Optically Mapping the Movement of Discrete Gating Charges in Shaker
Michael F. Priest, Francisco Bezanilla.
University of Chicago, Chicago, IL, USA.
The nature of the movement of the voltage sensor in voltage-gated ion channels
has been a subject of intense study. In the canonical voltage-gated potassium
channel Shaker, one major branch of experimentation has been to examine
discrete gating charges in the voltage sensor, such as R362 (R1) or R365 (R2),
to determine, via site-directed mutagenesis or cross-linking, the residues that
they interact with, such as F290 or F416. However, site-directed mutagenesis
may uncover indirect interactions rather than direct ones, while cross-linking
may uncover rare states. We have aimed to track the movement of the charged
residues directly, using a positively charged bimane derivative (qBBr) conju-
gated to a cysteine replacing eitherR362orR365.Althoughbulkier thanarginine,
the distance of the positive charge from the protein backbone is similar, and the
introduction of the dye is sufficient to restore typical gating current properties to
these cysteinemutant constructs, strongly suggesting that qBBr is mimicking the
natural function of the endogenous arginine. We have taken advantage of the
properties of the bimane class of fluorescent dyes which are highly quenched
by proximity to tyrosine and tryptophan but not other amino acids. Using qBBr
attached to a chosengating chargeof Shaker proteins expressed inXenopus laevis
oocytes under voltage-clamp, we can optically measure the motion of a specific
gating charge in relationship to a specific quenching site in response to changes in
membrane potential. The quenching site can be either naturally occurring or ar-
tificially substituted into the protein. This method for optically mapping the
movement of discrete gating charges in Shaker should be transferable to a
wide variety of voltage-gated membrane proteins. Support: NIH GM030376.
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Multi-Dimensional Free Energy Landscape of Voltage Sensor Domain
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Lucie Delemotte1, Marina Kasimova2, Vincenzo Carnevale1,
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Many modulators, such as toxins, anesthetics or drugs, act on voltage-gated
channels by altering the activation and/or deactivation mechanism of their
voltage-sensing domains (VSD). So far, we have proposed a "static" model
of the Kv1.2 VSD activation using brute force and modified molecular dy-
namics simulations and that agrees with a large body of experimental data.
This model involves 5 states: a (activated), b, g, d (three intermediate) and ε
(resting) [Delemotte et al. 2011, Proc. Natl. Acad. Sci. USA, 108:6109-
6114], and has enabled to gain access to the contribution of transmembrane
voltage to the free energy of activation via calculation of the corresponding
gating charge. Crucial details, however, are still missing, among which an esti-
mation of the thermodynamic stability of these states or of the minimum energy
transition pathway linking them. In order to complete our understanding of
VSD function, we produce the multi-dimensional free energy landscape
(FES) of the four transitions linking the Kv1.2 VSD conformations, enabling
to follow for the first time the pathway of activation of a VSD. We then inves-
tigate how the free energy landscape of VSD activation is modified by a change
in the lipid environment and by the mutation of key residues.
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pancy and C-type Inactivation in KD Channels
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The selectivity filter of Kþ channels contains four sequential ion binding sites
built primarily from backbone carbonyl oxygen atoms. In addition to ion
discrimination, the selectivity filter participates in C-type inactivation, which
is a conformation change at the selectivity filter that converts it froma conductive
to a non-conductive state. C-type inactivation ismodulated by permeant ions but
the mechanism underlying this effect is not known. To investigate the link be-
tween ion occupancy and C-type inactivation, we used amide to ester substitu-
tions in the protein backbone to alter ion binding at specific sites in the
selectivity filter and determined the effect on C-type inactivation. We found
that introducing an ester linkage at the 1’ site in the selectivity filter of the
KcsA channel did not affect inactivation but introducing ester linkages at the
2’ and the 3’ sites severely reduced inactivation. We determined the structure
of the 2’ estermutant of the KcsA channel and found that the 2’ ester substitution
